Mechanism of coronary spasm was examined regarding endothelium-related relaxation and contraction produced by smooth muscle cells of spastic vessels isolated from Gottingen miniature pigs. In these pigs, coronary artery spasm was documented angiographically in vivo three months after endothelial denudation, and spastic and control segments of the coronary artery were suspended in organ chambers at their optimal length for generating tension. Applications of KC1 (118 mM), acetylcholine(10" 9 to 10"" M), and PGF^ (10~8 to 3 x 10" 5 M) produced similar tension, at the respective doses, in both the spastic and control coronary arteries. During increasing concentrations of histamine (10" 8 to 3 x 10" 4 M; n= 14) and serotonin (10 ' to 10" 5 M; n= 13), the maximum tension of the spastic vessel was 136±6 and 97±4%, respectively, of the tension produced by 118 mM KC1. That is significantly larger than seen in the control vessels: 98 ±4 and 74±4%, respectively. The ED 50 to histamine and serotonin was also significantly less in the spastic vessels. After mechanical removal of the endothelium, the tension generated during the cumulative administration of histamine (n = 8) but not serotonin (n = 8) was larger in the spastic than the control vessels, thereby suggesting the presence of augmented responses of the smooth muscle to histamine in the spastic vessels. The increase in maximum tension after mechanical denudation was greater in the control than the spastic vessels in cases of histamine and serotonin. Endothelium-dependent relaxations due to serotonin (n = 5) and A23187 (n = 5) were tested under conditions of precontraction by PGF 2tr (10~5 M). The maximum relaxation induced by serotonin was 31 ± 4 and 67 ± 8% (p<0.01) in the spastic and the control vessel, respectively. A23187 relaxed completely the spastic vessel, to a similar extent as seen in the control vessels; however, the ED^ of relaxation evoked by A23187 was 2.7 ± 0.6 x 10" 8 and 6.3 ± 1.4 x 10"' M (p<0.01) in the spastic and the control vessels, respectively. Thus, both increased responsiveness of smooth muscle to histamine and impairment of endothelium-dependent relaxation to serotonin and to histamine may play an important role in the hypercontraction observed in coronary artery spasm in these miniature pigs. Augmented contractions to serotonin have been observed in the hind limb of atherosclerotic monkeys
C oronary artery spasm, an angiographic finding of transient and excessive narrowing of the epicardial coronary artery, may be an immediate cause of myocardial ischemia in patients with variant angina.'" 5 In patients with coronary artery spasm, Schroeder et al 6 and Bertrand et al 7 demonstrated angiographically the close topological correlation between the lesion of organic coronary stenosis and the area of ergonovine-induced spasm.
Augmented contractions to serotonin have been observed in the hind limb of atherosclerotic monkeys and in the aorta of hereditary hyperlipidemic rabbits 9 ; to ergonovine in atherosclerotic rabbit aortas 10 and in dog coronary arteries after focal denudation of the endothelium followed by feeding of a 2% cholesterol diet"; and to histamine in the pig coronary artery with intimal thickening. 12 " 14 An increase in the contractile response to histamine was also noted in the human epicardial coronary artery with atherosclerosis. ' 5 These observations led to the hypothesis that the presence of atherosclerosis potentiates the contractile response of agonists related to the provocation of coronary spasm. 13 Since Furchgott and Zawadzki 16 demonstrated the obligatory role of endothelial cells in the relaxation of arterial smooth muscle by acetylcholine, the role of the endothelial cell in regulating the vascular tone has been an area of increasing investigation. 1718 Several reports showed that mechanical removal of the endothelium augments in vivo vasoconstrictor responses of the large coronary artery to serotonin 1920 as well as in vitro conditions. 1621 - 22 Impairment of the endothelium-dependent relaxation was noted in atherosclerotic arteries in hypercholesterolemic rabbits" and atherosclerotic monkeys. 24 Therefore, the mechanisms of augmented contraction in the atherosclerotic vessels to several vasotonic agents may partly be explained by attenuation of the endothelium-dependent relaxation. However, the relation between atherosclerosis-related hypercontraction of vascular smooth muscle and a defective endothelium-dependent relaxation has not been examined rigorously.
In previous investigations on pigs and dogs receiving 2% cholesterol diet,"' 2 -25 a regional hypercontraction of the left coronary artery was documented angiographically at the sites denuded three months earlier.
Thus, the animal model with regional hypercontraction to agonists may aid in elucidating the pathogenesis of coronary spasm. The goal of the present study was to clarify the mechanism of the coronary spasm with regard to the endothelium-related relaxation and the enhanced contraction of vascular smooth muscle to histamine.
Materials and Methods

Animal Model
Fourteen male Gottingen miniature pigs, 4 to 6 months old and weighing 13 to 23 kg (mean weight, 17 ± 2 kg), were anesthetized with ketamine hydrochloride (12.5 mg/kg i.m.) followed by sodium pentobarbital (20 mg/kg i.v.). The animals were intubated and ventilated with room air via a positive pressure respirator. Under sterile conditions, a preshaped green Kifa catheter (Kifa, Stockholm, Sweden) was inserted from the carotid artery into the orifice of the left coronary artery under the guidance of fluoroscopy. Heparin (3,000 U) was infused intravenously for anticoagulation, and endothelial denudation of the left circumflex coronary artery was performed as described." 25 Briefly, a No. 2F Fogarty catheter (Fogarty Arterial Embolectomy Catheter, Edwards Laboratories, Santa Ana, Calif.) was introduced into the left circumflex coronary artery through the Kifa catheter. After these procedures, the pigs were fed laboratory chow that included 2% cholesterol. Serum cholesterol level increased from 54 ± 8 mg/dl to 204 ± 2 6 mg/dl (p<0.01) at the end of three months.
Three months after the endothelial denudation, the pigs (weighing 23 ± 2 kg) were anesthetized with ketamine hydrochloride (12.5 mg/kg i.m.) and sodium pentobarbital (12.5 mg/kg i.v.), and coronary spasm was provoked by an intracoronary administration of 10-30 jiig/kg histamine after pretreatment with cimetidine (60 mg/kg i.v.). Diameter-constriction at the control and spastic sites in situ after cimetidine and histamine (10 mg/kg i.e.) were 2 3 ± 4 and 7 6 ± 6 % (p<0.0l between these two sites) in coronary angiograms, respectively.
Tissue Preparation
One week after confirming the histamine-induced coronary spasm in vivo, all 14 pigs were anesthetized with ketamine hydrochloride (12.5 mg/kg i.m.) and sodium pentobarbital (12.5 mg/kg i.v.) and exsanguinated. The hearts were isolated and then connected to an in vitro perfusion system and perfused with oxygenated Krebs-Henseleit solution. To accurately determine the exact spastic area, coronary arteriography was performed in the isolated heart, and radiopaque marker was placed just above the spastic portion of the coronary artery. 26 The isolated coronary arteries from the spastic portion and from the control portion of the contralateral coronary artery were cleaned of peri vascular tissue and several segments 1-2 mm in length were cut open longitudinally. These segments were mounted as transverse strips to an isometric force transducer (U gauge, Shinko Co., Tokyo) and suspended individually in a 20-ml-volume organ chamber filled with oxygenated Krebs-Henseleit solution at 37° C." The ionic composition of the solution was as follows (tnM): Na + 137. 4 
Protocol
Strips mounted in the organ chamber were left to equilibrate for 120 minutes before the resting tension was adjusted to 1 g. KC1 (118 mM) solution was applied every 30 minutes until the amplitude of the contraction reached a constant value. The isometric tension development was monitored continuously by force transducers.
Dose-response relations were determined by the cumulative addition of a drug. The contractile responses were expressed as a percentage of the response produced by 118 mM KC1. In segments of control and spastic vessels of the same heart, the following studies were performed at random: 1) dose-response curves to acetylcholine (10~9 to 10~4 M) and to phenylephrine (10~8 to 10" 4 M), 2) dose-response curves to prostaglandin F 2a (10~8 to 3 x 10" 5 M), to histamine (10" 8 to 3 x 10~4 M), and to serotonin (10~9 to 10~5 M), and 3) response to 118 mM KC1.
In the present study, mechanical removal of the endothelium shifted the dose-response curves of histamine and serotonin to the left of the control curve. Thus, endothelium-dependent relaxations were tested on strips obtained from control and spastic vessels in 8 of 14 pigs. In each strip taken from the spastic and control portions, the endothelium was removed mechanically. 16 In a preliminary study, acetylcholine did not produce endothelium-dependent relaxations in vascular segments precontracted by prostaglandin (PG) F 2a . A23187, calcium-ionophore, and serotonin were selected because endothelium-related relaxation was also noted with A23187 and serotonin, and A23187 was 10-30 times more potent than acetylcholine in producing relaxation of the rabbit aorta. 18 The following protocols were performed under conditions of tonic contraction produced by PGF 2 Q : dose-response curves to serotonin (10~9 to 10" 5 M) after pretreatment with ketanserin (3x 10" 6 M) (protocol I) 22 and to A23187 (10"'° to 3 x 10~7 M) (protocol 2). The amplitude of relaxations was expressed as percent relaxation of the contraction produced by PGF 2 Q 10 5 M. The ED 50 was defined as the concentration of agonist at which 50% of the maximum relaxation was obtained.
Morphological Studies
To determine integrity of the endothelium in the spastic and control strips, the strips were fixed in 2% glutaraldehyde solution. Samples for scanning electron microscopy were prepared according to standard histologic procedures. A JEOL scanning electron microscope was used to observe the luminal surface of the vessel, at a magnification from 100 x to 5,000 X in 8 of 14 pigs. In the 8 pigs, the intimal surface was surveyed at a magnification of 100 x by a scanning electron microscopy at the control and denuded areas to verify the presence of endothelium as well as the efficacy of in vitro removal of the endothelium.
Drugs
Histamine hydrochloride, 5-hydroxytryptamine creatinine sulfate, A23187, L-phenylephrine hydrochloride, and acetylcholine chloride were from Sigma Chemical Company, St. Louis, Mo. Ketanserin tartrate was supplied by Janssen Kyowa, Tokyo, and PGF 2a was from Ono Pharmaceutical Co., Osaka, Japan. All drug concentrations were expressed as final molar concentrations.
Statistics
The data are expressed as the mean ± SEM. Paired data were analyzed by Student's t test. The statistical significance of difference in ED J0 and peak response between control and spastic vessels, with or without endothelium, was tested by an analysis of variance. The level of statistical significance was p<0.05.
Results
The presence of the endothelium was confirmed microscopically on both control and spastic sites in 14 pigs. Significant intimal thickening was confirmed at the spastic site as previously described. 1425 In 8 of 14 pigs, luminal surfaces of the control and spastic sites were surveyed by scanning electron microscopy. The intimal surface of strips from the control or spastic area was covered with endothelium.
Responses of Vascular Segments to Vasotonic Agents
Increasing concentrations of acetylcholine (10~9 to 10-" M), phenylephrine (10' 8 to 10~4 M), and PGF 2a ( 1 0~s t o 3 x l 0~5 M ) evoked concentration-dependent contractions in control and spastic portions of the coronary artery. The maximum tension and ED 50 with each drug did not differ between control and spastic portions of the coronary artery (Table 1) . Tension produced by 118 mM KC1 was 2.67 ±0.27 and 2.60 ±0.32 g (n= 14) in strips of control and spastic segments, respectively. Stress (tension/cross-sectional area) was 8.60 ± 1.12 and 9:98 ± 1.18 g/mm 2 (n= 14) in strips of control and spastic segments, respectively ( Table 2) .
The concentration-response relations for histamine Table 1 . The maximum response from the spastic sites was significantly greater than from the control sites or the amplitude obtained by 118 mM KC1. The ED 50 from spastic sites was significantly lower than those from the control sites. The concentration of histamine required to produce the maximum contraction was 10~5 M in both spastic and control sites, and the maximum contraction in the spastic segments as produced by 10" 5 M histamine was 121 ± 6 % of the 118 mM KC1-induced contraction (p<0.01 between contractions produced by 10" 5 M histamine and 118 mM KC1).
Role of Endothelium in Contractile Response to Histamine or Serotonin
In strips of either control or spastic segments, mechanical removal of the endothelium (confirmed by a scanning electron microscopy in 8 of 14 pigs) did not Values are shown in mean + SEM. Numbers in parentheses represent stress (tension/cross-sectional area) produced by 118 mM KC1. There was no significant difference among these four groups as assessed by an analysis of variance. significantly alter responses to 118 mM KC1 (Table 2) or to the cumulative doses of PGF 2o (Figure 2) . Thus, the present procedure for endothelium removal may not impair contractile responses of the vascular strips.
In segments from the control site, removal of the endothelium led to an elevation of" the response to histamine in doses from 3 x 10~7 to 3 x 10~4 M ( Figure  3 ). In 8 of 14 cases; the ED 50 value was decreased from 2.2±O.7X 10~6 M with intact endothelium to 8.9±2.3xlO-7 M (p<0.05) after removal of the endothelium. In segments from the spastic site, the 
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•without endothelium owith endothelium ii i" ii maximal tension produced by histamine was similar in strips, with and without endothelium ( Figure 4 ). Mechanical removal of the endothelium of the spastic vessels shifted the dose-response relation curves of histamine to the left and reduced the concentration required from the ED 50 (6.7 ± 1.5 X10' 7 and 3.3±0.7X 10" 7 M (p<0.05), with and without the endothelium of the spastic vessels, respectively). Changes in the ED 50 after removal of the endothelium tended to be larger in the control than spastic segments, as were changes in tension after removal at 10~4 M histamine (p<0.05).
Increasing the concentrations of serotonin (3 X 10" 8 to 10~5 M) evoked significantly greater contractions, and these contractions were significantly larger in the control segments after mechanical removal of the endothelium (Figure 4 ). In 8 of 14 cases, the ED 50 values were 2.8±0.6xl(T 7 and 1.1 ±O.2x.lO~7 M before and after removal of the endothelium (p<0.0\ between two conditions), respectively. In the spastic • spastic site(-endothelium) segments, removal of the endothelium led to a greater contraction by serotonin in doses between 3 x 10~8 and 10~7 M (Figure 4 ), but changes in the ED 50 values were not statistically significant: 10.8 ± 1.2 x 10~8 and 9 . 7 ± 3 . 3 x l 0~8 M before and after removal of the endothelium, respectively. Changes in the ED 50 after removal of the endothelium, however, tended to be larger in the control than spastic segments, and changes in tension after removal were significantly larger in the control than in the spastic segments at above 3 x 10~7 M of serotonin.
In case of the dose-response relation, for the denuded segments from both the control and the spastic sites ( Figure 5 ), maximum tension in the spastic segments produced by histamine in doses above 10" 7 M was significantly larger than in the control segments. The ED 50 value was lower in the spastic than in the control segments (p<0.05). Responses to serotonin did not differ between segments from the control and spastic vessels. 
Alterations in Endothelium-Dependent Relaxation
Under tonic contractions produced by PGF 2Q (10~5 M), increasing concentrations of serotonin (10~9 to 3 x 10" 5 M) in the presence of ketanserin (3 x 10~6 M) relaxed both the control and the spastic segments, only when the endothelium was present. This effect was more prominent in the control than the spastic vessels (Figures 6 and 7) . Removal of the endothelium resulted in a disappearance of the serotonin-induced relaxation ( Figure 6 ).
In both the control and spastic segments with an intact endothelium, higher doses of A23187 ( > 10" 7 M) FIGURE 6 . evoked complete relaxation ( Figure 8) ; however, the ED 50 value was significantly lower in segments from the control ( 6 . 4 ± 1 . 4 x 10" 9 M) than from the spastic vessels ( 2 . 7 ± 0 . 6 x 10" 8 M; p<0.05; n = 5).
Discussion
The salient features of the present study are that 1) vascular segments excised from the spastic area produced hypercontractile responses to histamine and serotonin but not to potassium chloride, PGF 2o , acetylcholine, and phenylephrine; 2) mechanical removal of the endothelium augmented the maximal tension and decreased the ED 50 values to histamine and serotonin in segments from the control vessel, events that suggest the presence of relaxing components due to stimulation of the endothelium by these agonists; 3) endotheliumrelated relaxation during contraction by histamine and serotonin in the spastic segment was smaller than in the control segment; 4) endothelium-dependent relaxation in the control segment in response to serotonin and A23187 during tonic contractions produced by PGF 2a 10" 3 M was larger than in the spastic vessels; and 5) histamine but not serotonin evoked larger contractile responses in the spastic than the control vessels in the absence of the endothelium.
Enhanced contraction of vessel segments that became spastic in the presence of histamine was reproduced angiographically in the isolated heart perfused with Krebs-Henseleit solution. 26 Thus, the exact vascular segments with spastic responses to histamine and the contralateral control segments can be isolated. In the present study, we used circumferential strips for measuring the pharmacologic responses because longitudinal arterial segments contain numerous smooth muscle cells damaged by the cutting.
As the tension or stress produced by potassium chloride or PGF 2a was neither modified by mechanical removal of the endothelium nor differed between segments from the control and spastic coronary arteries (Table 2) , the results do not simply reflect a nonspecific increase in contractile response of smooth muscle cells. Accordingly, augmented responses to histamine or serotonin in the vessel obtained from the spastic area may depend on differences in 1) the responsiveness of smooth muscle to autacoids, 2) attenuation of the endothelium-dependent relaxation, or 3) both.
The contraction produced by 118 mM KC1 was similar between the control and spastic vessels and was not modified by mechanical removal of the endothelium. Thus, we considered the contraction produced by 118 mM KC1 as representing the contractile force elicited from activation of potential dependent calcium channels, usually used as a standard to constrictor responses of other agents. Augmented contractions to histamine (but not to serotonin) in the absence of the endothelium ( Figure 5 ) suggest a hyper-responsiveness to histamine of the smooth muscle in the spastic area. Thus, there may be an increased number of histamine receptors or an increased affinity to histamine along the spastic vessel. 27 Since Furchgott and Zawadzki 16 observed that acetylcholine causes relaxation of the isolated vessel by an evoked release of relaxant factors from the endothelial cells, a defect in relaxation of diseased vessels, such as in cases of hypertension or atherosclerosis, 8 -28 has been speculated to account for the enhanced tonus of the vasculature. In the present study, removal of the endothelium invariably enhanced the contraction to histamine and serotonin, especially in the control vessels. Thus, the endothelium of the intact vessel seems to play an important role in attenuation of the response to autacoids.
At the spastic vessel, the luminal site was well covered by monolayer cells, namely a regenerated endothelium; however, the relaxing effects due to serotonin and A23187 during contraction by PGF 2o were significantly attenuated. These results coincide well with findings in case of the atherosclerotic rabbit aorta 23 and atherosclerotic monkey iliac arteries. 24 The mechanisms of reduction of endothelium-dependent relaxation may be explained by 1) attenuation of receptor-mediated stimuli due to atherosclerosis, 10 2) a reduced production of endothelium-derived relaxing factor (EDRF), 3) increased separation between the endothelium and media due to the presence of a thickened intima, 4) impaired responsiveness of smooth muscle cells to EDRF, or 5) all of these factors.
The maximal dilation to serotonin was significantly larger in the control than in the spastic segments, and the maximal dilation to A23187 was similar between the control and spastic segments. These results suggest that receptor functions to serotonin on the endothelial membrane were partially impaired for the release of EDRF, while production and release of EDRF stimulated by the calcium-ionophore were maintained. This is in accord with the observations of Furchgott 18 and Bossaller et al. 29 Then, the above 3rd and 4th mechanisms remain to be speculated.
We found that in the vessel denuded in situ three months before, dysfunction in the endothelium remained, despite anatomical recovery of the endothelial cells. Receptor-related release of EDRF was impaired more than the non-receptor-mediated release of EDRF by calcium-ionophore at segments with intimal thickening. Thus, attenuation of endothelium-dependent relaxation, along with increased contractility to histamine, may accelerate spasm of the coronary artery.
